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Salt Lake, Kolkata, IndiaABSTRACT We have developed the technique of thermal fluctuation spectroscopy to measure the thermal fluctuations in
a system. This technique is particularly useful to study the denaturation dynamics of biomolecules like DNA. Here we present
a study of the thermal fluctuations during the thermal denaturation (or melting) of double-stranded DNA. We find that the thermal
denaturation of heteropolymeric DNA is accompanied by large, non-Gaussian thermal fluctuations. The thermal fluctuations
show a two-peak structure as a function of temperature. Calculations of enthalpy exchanged show that the first peak comes
from the denaturation of AT rich regions and the second peak from denaturation of GC rich regions. The large fluctuations
are almost absent in homopolymeric DNA. We suggest that bubble formation and cooperative opening and closing dynamics
of basepairs causes the additional fluctuation at the first peak and a large cooperative transition from a partially molten DNA
to a completely denatured state causes the additional fluctuation at the second peak.INTRODUCTIONDNA denaturation or the unzipping of the two strands of a
double-stranded (ds) DNA has been a topic of study for
several decades (1–4). The unzipping of the two comple-
mentary strands can be caused by a number of external
physical stimuli that include force, temperature, radiation,
etc. Typical force-induced denaturation experiments
involve pulling apart of the strands using an optical tweezer
or an AFM tip (5,6). A measurement of the length of the
DNA gives the number of basepairs (bp) unzipped. Exper-
iments have been done under both constant rate and
constant force conditions and there are several theoretical
calculations and simulations for studying the unzipping
dynamics (5–8).
Similarly, thermal denaturation of DNA can be studied 1),
at a constant rate of increase of temperature, and 2), by
keeping temperature fixed and studying the dynamics or
kinetics under an isothermal condition. Most DNA denatur-
ation experiments are done while the temperature is being
increased at a given rate (method 1). In particular, the calo-
rimetric experiments which investigate the thermal denatur-
ation of DNA use differential scanning calorimetry (DSC),
where the data are taken while the temperature is increased
(or decreased) at a given rate. Although these experiments
may help in determining the melting temperature of DNA
and the total change in enthalpy (DH) or heat capacity
(Cp), these are not particularly useful in determining the
exact dynamics of the unzipping transition of the DNA.
To study the thermal denaturation of DNA, we need an
isothermal technique.Submitted May 7, 2010, and accepted for publication July 14, 2010.
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0006-3495/10/10/2666/10 $2.00In this article, we present:
1. Thermal fluctuation spectroscopy (TFS), a technique we
developed to study the evolution of a system under
isothermal conditions.
2. The results of our study of thermal fluctuations during
thermal denaturation of DNA.
The most important advantage of TFS is that its energy
source and sink are internal to the system being studied.
No external heat is applied as is done in conventional calo-
rimetry such as DSC. The enthalpy fluctuations of the
system are measured under isothermal conditions and can
thus give an idea of the energetics and the timescales of
the system as it undergoes any change.
The article is divided into two parts. In the first part, we
present the concepts of the TFS technique used and details
of the experimental procedure. The studies of thermal
fluctuations during thermal denaturation of DNA in a buffer
are presented in the second part.THEORY
The technique of thermal fluctuation spectroscopy (TFS)
is conceptually close to isothermal calorimetry. A brief
description with representative data has been published
before (9). The principle is explained in detail below. A
few microliters of the sample is pipetted out into a liquid
cell constructed on a substrate carrying a platinum film (see
Fig. 1 A). The sample can absorb (release) energy only
from the substrate (or the calorimeter cell) because the
sample is in thermal contact only with the substrate. As the
sample absorbs (releases) energy from (to) the substrate,
the temperature of the substrate decreases (increases).
Thus, the substrate cools down (heats up) as the sample
undergoes an endothermic (exothermic) process. The sub-
strate is thermally connected to the reservoir through adoi: 10.1016/j.bpj.2010.07.048
A B
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FIGURE 1 Thermal fluctuation spectroscopy
technique. (A) Liquid cell design. (B) Schematic
of the TFS setup. (C) Thermal model used to
analyze the data. (D) SSS temperature as a function
of time (squares) due to an energy-releasing pulse
of height PP (line) with tP > tth.
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fore, the substrate will reach the temperature of the reservoir
with a time constant of
tth ¼ RthðCs þ CsubÞ ¼ RthCSSS
where Cs is the heat capacity of the sample, Csub is the heat
capacity of the substrate, and CSSS is the heat capacity of the
sample substrate system, SSS. The SSS also has an internal
time constant tint (with a thermal resistance between the
sample and substrate Rint) for energy exchange between
the sample and the substrate. The condition tint << tth
will ensure that over a timescale t of the experiment such
that tint << t << tth, the temperature change of the
substrate will give us a measure of the energy release
from the sample. Using the thermal model given below,
one can extract the enthalpy exchanged for all t.
The essence of the experiment is thus to create a quasia-
diabatic condition so that in the timescale of the measure-
ment, the SSS is thermally decoupled from the reservoir
and the change in temperature of the substrate DT is finite,
measurable, and can become a faithful representation of
the exchange of energy between the sample and the calorim-
eter. Eventually, at longer timescales, t >> tth, the temper-
ature fall (or rise) of the substrate created by absorbed (or
released) energy by the sample will relax back and the
substrate will reach the temperature of the reservoir. We
call the fall in temperature of the substrate (due to thesample absorbing energy) a cooling jump and the rise in
temperature of the substrate (due to the sample releasing
energy) a heating jump. These heating and cooling jumps
can occur under isothermal conditions as the DNA (or any
other biomolecule) undergoes the denaturation transition.
The thermal model which has been used to analyze the
data is shown in Fig. 1, C and D. Assuming that the sample
releases (or absorbs) an amount of energy in the form of
a rectangular pulse of height PP and width tP such that
EP ¼ PPtP is the enthalpy exchanged, the heat balance
equation can be written as
dDT
dt
þ DT
tth
¼ 1
CSSS
dEP
dt
; (1)
whereDT is the difference between the SSS temperature (Ts)
and the reservoir temperature (TR). Defining the pulse height
PP(t) as PPu(t) where u(t) is given by
uðtÞ ¼
8<
:
0; t < 0
1; 0%t < tP
0; t > tP;
we get
dDT
dt
þ DT
tth
¼ PP
CSSS
uðtÞ: (2)
In this model, we have used the assumption that tint is
instantaneous in the scale of the experiment.Biophysical Journal 99(8) 2666–2675
2668 Nagapriya and RaychaudhuriSolving the above equation using Laplace transform (with
boundary conditions DT ¼ 0 and dDT/dt ¼ 0 at t ¼ 0), we
get
DTðtÞ ¼ f 0 ; t < 0tthPPCSSS 1 et=tth ; 0%t < tPtthPP
CSSS
et=tth

eðtP=tthÞ1

; t > tP
:
(3)
(A plot of the SSS temperature as a function of time for
a heating jump when tP > tth is shown in Fig. 1 D.)
The magnitude of the jump height DTjump is given by
DTjump ¼ tthPP
Csub

1 etP=tth: (4)
This equation can be rewritten as
PP ¼ DTjumpCsub
tthð1 etP=tthÞ: (5)
From the time series of temperature fluctuations, DTjump is
obtained. The jump width (tP) is the time taken from the
start of the jump until the slope of dT/dt changes sign
(that is, the DT reaches a peak) and tth is known for the
system. In Eq. 5, all the quantities on the right-hand side
are known/can be obtained from the time series where DT
(t) is recorded. The only unknown, the power of the pulse
PP, is obtained by putting in the values for DTjump, tP, and
tth into Eq. 5. The enthalpy exchanged during the jump is
EP ¼ PPtP. Thus, a measurement of the time series of
temperature of the SSS (Ts) can give information about
the energetics and time constants of the system.
The cosine transform of the autocorrelation function of
the temperature fluctuations gives the power spectral density
(PSD) of temperature fluctuations, i.e., ST(sample)(f). This
gives us the time/temperature evolution of the frequency
dependence of the fluctuations.
The h(DT)2i/T2, which quantifies the time-integrated
fluctuations is calculated by integrating the PSD over
frequency after subtracting out the PSD of the background
fluctuations.METHODS
Sample preparation
One-hundred basepair long dsDNA powders (lyophilized) were purchased
from Sigma Aldrich (Bangalore, India). The DNA was then suspended in
water for the experiment. Forty kilobasepair (kbps) T7 DNA, prepared
using the protocol adapted from Nierman and Chamberlin (10) was
obtained from the Molecular Biophysics Unit, Indian Institute of Science
(Bangalore, India).Experimental details
The sample is mounted in a liquid cell (of heat capacity Csubz 0.04 J/K),
which consists of a thin capillary (of internal diameter z 2 mm andBiophysical Journal 99(8) 2666–2675height z 4 mm) fixed on a substrate such that the sample is in contact
with the substrate (shown in Fig. 1 A). The substrate is connected by
a weak thermal link (typical thermal resistance Rthz 800 K/W) to a thermal
reservoir (heat capacity CR z 60 J/K). The heat capacity of the thermal
reservoir is much larger than that of the calorimeter (CR >> Csub). The
liquid cell is sealed with a piece of a glass coverslip. The temperature
of the reservoir can be varied and is controlled to an accuracy of a mK.
The entire assembly is maintained in vacuum at a pressure of 103 mbar.
The substrate relaxes to bath temperature with a time constant ofz35 s.
The temperature of the substrate is measured using a calibrated platinum
thin film deposited on it. The resistance of the platinum film is a linear
function of temperature with the temperature coefficient of resistance
b ¼ 3.8  103/K. Two identical calorimeters are connected in a bridge
arrangement as shown in Fig. 1 B). The sample is mounted on one of the
substrates. This creates a differential arrangement that enhances sensitivity.
The resolution of our detection system is ~nV. With this voltage resolution
(limited mainly due to 1/f noise of the Platinum thermometer) the minimum
resistance change measurable is ~0.5 mU, which gives a temperature reso-
lutionz 1.25 mK. The sensitivity of the measurement system is a few parts
per billion (ppb) and for the calorimeter that we use, this translates to an
enthalpy sensitivity of ~50 nJ.
The electronics is described here briefly. The bridge is biased using the
ac output from a lock-in-amplifier (SR830; Stanford Research Systems,
Sunnyvale, CA). The resistances in series with the platinum films are
much larger than that of the films, making them current-biased. The bridge
is balanced using the variable resistor (RV) and the voltage difference
between the two platinum films is fed to a low noise preamplifier
(SR554; Stanford Research Systems). The output from the preamplifier is
fed to the lock-in-amplifier. The lock-in-amplifier does a phase-sensitive
detection of the signal and gives a direct-current output proportional to
the input. This direct-current output is digitized using a 16-bit analog-to-
digital card (ADC PCL 816; Advantech, Taipei, Taiwan) and stored in
the computer. The data is sampled at a rate of 1024 points/s and is deci-
mated by a factor of 64 to get an effective sampling rate of 16 points/s.
A very important requirement of the experiment is minimization of the
various noise sources. We have taken elaborate measures to eliminate
extraneous noise. The arrangements of shielding, etc., are similar to those
taken during a 1/f noise measurement (11). The complete experiment is
carried out in a shielded enclosure to eliminate interference from stray
electromagnetic radiation. Use of the shielded enclosure reduces the
contribution from external sources such as the power line fluctuations
from ~1010–1011 V2/Hz to ~1012–1013 V2/Hz. Low noise coaxial
cables were used for connecting the setup to the electronics.
One question that arises is the temperature stability of the thermal reser-
voir required for ppb resolution. The temperature stability of the reservoir is
approximately mK. However, the temperature fluctuations of the reservoir
get low-pass-filtered before reaching the substrate with roll-off at
fc ¼ 1
2ptRS
;
where
tRS ¼ RthCR;
the reservoir to sample time constant. The temperature fluctuation of the
reservoir will be reflected as a temperature fluctuation at the substrate
with a PSD given by
STðf Þ ¼
ðDTRÞ2

tRS
1 þ 4p2t2RS f 2
: (6)
Thus, for f ~10 mHz, the ST(f) due to reservoir fluctuation becomes very
small (9). The h(DT)2i/T2 from the reservoir fluctuation is ~1017, which
corresponds to a resolution of ~3 ppb.
The experiment starts with a measurement of fluctuations at room
temperature. Then the temperature of the reservoir is increased and
A B
FIGURE 2 h(DT)2i/T2 for (A) 100-bp heteropo-
lymeric dsDNA when in buffer and when on a
substrate and (B) 40-kbps T7 dsDNA in a buffer.
(The two peaks are marked by small vertical
arrows in both cases.) Also shown in panel B is
the relative absorbance Da at 260 nm as a function
of temperature.
TFS of DNA Denaturation 2669fluctuations are measured until no temperature jump appears for 30 min. It
is then considered that all energy exchanges at that temperature are
complete. The reservoir temperature is then increased to the next higher
value. This is repeated until the highest desired temperature is reached.
Thus, the fluctuations measured are those that occur once the reservoir
temperature is changed (from T1 to T2) and stabilized at a certain value (T2).FIGURE 3 h(DT)2i/T2 for 100 bp ..ATAT.. homopolymer. For compar-
ison, the data for the 100-bp heteropolymer is shown.RESULTS
Preliminary study of DNA denaturation using this technique
was reported before (9). The data reported in Nagapriya
et al. (9) is for DNA on a substrate with buffer evaporated
off and it was shown that DNA denaturation is accompanied
by large thermal fluctuations. Here we present results for
DNA in a buffer (liquid) that keeps the DNA in its natural
conformation. We find that in this case, the fluctuation is
even larger than the fluctuation observed when the denatur-
ation occurred in the absence of a buffer. Fig. 2 A shows the
relative mean-square fluctuation h(DT)2i/T2 for a 100-bp
heteropolymeric DNA in both the states. It can be seen
clearly from Fig. 2 A that DNA denaturation when the
DNA is suspended in a buffer occurs with large thermal
fluctuations, much larger than when the DNA is on a
substrate. The data (in buffer) shows two peaks in the
temperature dependence of h(DT)2i/T2. We mark these two
peaks as Tm1 and Tm2. For the 100-bp heteropolymer, Tm1
is at ~334 K and Tm2 is at ~361 K. The temperature Tm1
coincides with the temperature at which an ..ATAT.. homo-
polymer is expected to denature (Tm–AT z 331 K) and Tm2
is ~7 K lower than the denaturation temperature of a pure
..GCGC.. homopolymer (Tm–GC z 368 K). In Fig. 2 B,
the h(DT)2i/T2 for a 40-kbps-long T7 bacteriophage is
shown. This DNA is also heteropolymeric and is much
longer than the previous sample. Yet, the same two-peak
structure can be observed with the first peak at ~Tm–AT and
the second peak at T < Tm–GC. The Tm2 of the T7 DNA
which has 51.6% AT basepair is at 345 K and that for the
100-bp heteropolymer which has 48% AT basepair is at
361 K. Thus, the increase in the AT content decreases
the Tm2.
In Fig. 3, we plot the h(DT)2i/T2 for a 100-bp homopol-
ymer (..ATAT..). The homopolymer shows a small peak atTm1 z Tm–AT. This single peak is expected in this sample
due to the absence of a GC component. For comparison,
we have plotted the thermal fluctuation for the 100-bp
heteropolymer in the same figure. It can be seen from the
plot that the denaturation of the heteropolymer is accompa-
nied by fluctuations which are four-orders-of-magnitude
larger than those during the denaturation of the ..ATAT..
homopolymer. This observation establishes that heteroge-
neity is responsible for the large thermal fluctuations.
Figs. 4 and 5 show the timeseries of temperature fluctua-
tions at different temperatures for the 100-bp heteropolymer
and the 40-kbps DNA, respectively. It can be seen from the
plots that the fluctuations evolve as a function of tempera-
ture and the observed fluctuation at T ~ Tm1 is different
from that seen at T ~ Tm2.
Below Tm1, the fluctuations are small and there are similar
number of heating and cooling jumps. At T ~ Tm1 the times-
eries is characterized by what can be called ‘‘jumps-and-
pauses’’ behavior, which consists of cooling jumps followed
by pause periods where the fluctuation is small. To guide the
reader, the cooling jumps are marked by arrows in Figs. 4 D
and 5 B. These cooling jumps arise due to opening up of
basepairs or creation of denaturated bubbles, which causes
energy absorption from the substrate. This ‘‘jumps-and-
pauses’’ behavior persists until Tm2. As T / Tm2, theBiophysical Journal 99(8) 2666–2675
A B C
FE
G
D
FIGURE 4 Time series of temperature fluctua-
tions for the 100-bp heteropolymer at different
temperatures.
2670 Nagapriya and Raychaudhuritimeseries changes nature and the fluctuations become
larger. The fluctuations at Tm2 start with several cooling
and heating jumps. This is followed by a rather large cooling
jump, which is followed by a recovery (the returning of
the SSS to the reservoir temperature), as can be seen from
the T z 361 K plots for the 100-bp heteropolymer. After
this large jump, large fluctuations are completely absent.
This means that almost the entire DNA is denatured due
to opening of the GC bonds at the major transition which
can be thought of as a cooperative or coordinated transition.
To our knowledge, such features of the denaturation transi-
tion have not been observed before and this gives a new
dimension to the denaturation process.
Fig. 6 shows the timeseries for the 100 bp ..ATAT.. homo-
polymer at temperatures close to its Tm (~331 K). At, or
very close to the melting temperature, the homopolymer
shows very small, mostly cooling jumps (few hundred mK).
Other than this, there are no large fluctuations. There may be
two reasons for the absence of large fluctuations in the
homopolymer:Biophysical Journal 99(8) 2666–26751. The fluctuation may actually be small due to the absence
of heterogeneity and/or
2. They occur at a timescale that is much faster than the
detection bandwidth of the calorimeter.
This can be seen from Eq. 4, which in the limit tP << tth
gives DTjump ¼ tPPP/Csub. As a result, for very small tP
and/or very small PP, DTjump can be very small. Unless these
experiments are performed using a calorimeter that has
a much smaller tth that is comparable to tP, this particular
issue cannot be resolved.
A very important issue that arises in an experiment of this
type, is the reproducibility of the data. To compare results of
fluctuations from different samples, it is important to know
how the fluctuations scale with the mass of the sample. For
checking the scaling with mass, we carried out the experi-
ments with different amounts of sample. Fig. 7 shows the
h(DT)2i/T2 for 17 mg of 100 bp heteropolymeric DNA. In
the same graph, we show 4  h(DT)2i/T2 for 8.5 mg of the
sample. We see that the two data sets match very well,
A B C
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FIGURE 5 Time series of temperature fluctua-
tion for the 40-kbps T7 DNA at different tempera-
tures.
TFS of DNA Denaturation 2671proving reproducibility of the data and scaling of the fluctu-
ations with mass. (Note: Because DT f DH and DH f m,
m ¼ sample mass, the quantity h(DT)2i/T2 is thus expected
to be f m2 .)DISCUSSION
Analysis of the time series
We start the discussion by a quantitative analysis of the time
series. The enthalpy exchanged between the DNA and the
calorimeter can be obtained by analyzing the time series
data using Eq. 4. Briefly, for each temperature jump the
jump magnitude DTjump and jump width tP are obtained.A B
DC
FIGURE 6 Time series of temperature fluctuation for the 100-bp homo-
polymer (..ATAT..) at different temperatures.From the jump magnitude the power of the pulse PP is
calculated. The enthalpy exchanged EP ¼ PPtP is obtained
for each pulse and the enthalpies at a particular temperature
are added to get the total enthalpy DH ¼ SEP absorbed/
released at that temperature.
We calculate that, for the 100-bp heteropolymer, the total
enthalpy exchanged in the jumps at Tm1 isz 6.1 J/g. In the
heteropolymer, the fraction of AT bases is 48%, giving the
bond energy of ATas 12.6 J/g. The total enthalpy exchanged
at Tm2 isz 8.8 J/g. The fraction of GC bonds in the hetero-
polymer is 52%, giving the bond energy of GC as 17 J/g.
The energy of the AT/GC bond observed/calculated pre-
viously depends on its nearest neighbors (12–14). The
reported values vary between 6 J/g and 13 J/g for an AT
bond and between 9 J/g and 20 J/g for a GC bond (12–16).
(Note that although several works have reported severalFIGURE 7 Scaling of fluctuations with mass. h(DT)2i/T2 for 17-mg
100-bp heteropolymeric dsDNA (shown by open squares) and that for
8.5 mg of the DNA multiplied by four (shown by solid circles).
W
e
b
3
C
Biophysical Journal 99(8) 2666–2675
FIGURE 9 Distribution of tP for energy-absorbed and energy-released
jumps at 361 K (Tm2) for the 100-bp heteropolymer.
2672 Nagapriya and Raychaudhurivalues of energy (12-16), it is common consensus that an AT
bond or an AT-rich region requires lower energy to denature
than a GC bond or a GC-rich region.) Our values lie within
the reported range of values for AT/GC bonds. Therefore the
assignment of Tm1 as the temperature where the AT bonds in
the heteropolymer break and of Tm2 as the temperature
where the GC bonds break is supported by the energetics
of the process. This analysis clearly shows that the first
peak corresponds to the denaturation of AT-rich regions
forming bubbles. The second peak corresponds to denatur-
ation of GC-rich regions ending with the entire DNA sepa-
rating out. The first peak Tm1 occurs at a temperature slightly
(~3 K) higher than Tm–AT. The denaturation bubbles are in
AT regions but, being a heteropolymer, these regions consist
of a small fraction of GC basepairs which raises Tm1 in
comparison to Tm–AT. Similarly, Tm2 is lower than Tm–GC.
This comes about because at temperatures between Tm1
and Tm2, GC rich regions bind the AT rich loops. Base-stack-
ing interactions lower the energy required for the denatur-
ation of the GC rich regions. This causes them to denature
at temperatures lower than a ..GCGC.. homopolymer
denaturation temperature.
From the analysis of the temperature jump data we can
make an estimate of the distribution of enthalpy exchanged
in the jumps. We consider the region close to Tm2. Fig. 8
shows a distribution of EP per gram of GC bond at 361 K
for the 100-bp heteropolymer. The energy scales shown in
the figure are in J/g of sample. A quantity of 1 J/g corre-
sponds to 43.8 kBT per 100-bp dsDNA. The distribution of
EP is rather broad and has both energy-absorbing jumps
(negative) and energy-releasing jumps (positive). However,
the energy-absorbing jumps occur with a higher probability,
showing that the process (melting) is proceeding in a direc-
tion where there are more basepairs opening up than closing.
Fig. 9 shows the distribution of the pulse-width tP for both
energy-releasing and energy-absorbing jumps at 361 K.
There is a clear asymmetry in the value of tP. For the coolingFIGURE 8 Distribution of EP per gram of GC bond at 361 K (Tm2) for the
100-bp heteropolymer.
Biophysical Journal 99(8) 2666–2675jumps, tP is 4.25 5 0.5 s and for heating jumps, tP is
smaller and is equal to 1.75 5 0.5 s.Probability distribution function and nature
of the fluctuation
The nature of the observed fluctuation can be studied using
the probability distribution function (PDF). According
to the central-limit theorem (17), if the fluctuators are uncor-
related, the PDF of the fluctuation is Gaussian. Deviation
from Gaussianity arises when the fluctuators are correlated.
Thus, the PDF is one way to check whether the system has
any cooperativity involved. We find that the observed fluctu-
ation in the heteropolymers is Gaussian above Tm2, while it
assumes a strongly non-Gaussian nature close to the melting
temperature range. The non-Gaussianity is present even in
the homopolymer.
The PDF essentially is a distribution of the probability
of occurrence of a temperature jump of certain magnitude.
The bin size used in the calculation of PDF is 3 mK.
(Note that this particular bin size is selected because the
bin size used has to be larger than the thermal background
contribution and the resolution of the system. In this case,
the system resolution is z2 mK.) Shown in Fig. 10 are
the PDFs for the 100-bp heteropolymer and the 100-bp
..ATAT.. homopolymer. For a Gaussian distribution,
P(DT) ~ exp(– (DT)2/(2s2)), where s is the variance. There-
fore, the plots of lnP(DT) versus (DT)2 should be straight
lines. It is immediately obvious that heteropolymeric DNA
shows large deviation from Gaussianity close to the melting
temperature. We find that the PDF for the heteropolymer can
be expressed as a summation of a Gaussian and a power-law
behavior, particularly when close to themelting temperature.
For the homopolymer the fluctuation is not strictly a
Gaussian, but can be expressed as a sum of two Gaussians.
We explain the appearance of non-Gaussianity using the
following scenario: In the DNA, every base can either be
bound to its pair or be unbound. Thus, the bond between
A B
FIGURE 10 PDF at a few representative temperatures (which includes
their Tm) for (A) 100-bp heteropolymer and (B) 100-bp ..ATAT.. homopol-
ymer.
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state of the bond is the fluctuating quantity and is the origin
of fluctuation. If the bonds are independent of each other,
the temperature fluctuations will be Gaussian. In the case
of DNA, the opening up of one basepair can cause adjacent
basepairs to open up due to base-stacking interactions.
Here, in addition to the energy cost for a basepair opening
and the compensatory entropy gained, there is an additional
energy cost for disruption of the base stacking (an energy is
needed to keep one basepair open and the next one closed).
Thus, the fluctuators are not independent. This correlation
between the fluctuators is present even for homopolymers
and can cause the PDF to become non-Gaussian.
For a heteropolymeric DNA, some regions have a higher
probability of opening up than others. This is because the
energy required for breaking an AT bond is lower than the
energy required for breaking a GC bond. This will cause
AT-rich regions to open up at lower temperatures, while
GC-rich regions will remain bound until higher tempera-
tures. Here again, the fluctuations are not independent. It
can be seen from Fig. 10 that the 100-bp heteropolymer
shows a very severe non-Gaussian behavior, particularly at
~Tm2. It can also be noted that even for Tm2 > T > Tm1,
the PDF is non-Gaussian. In this region there are basepairs
which are in dynamic equilibrium between open and closed
states. This would cause adjacent basepairs also to open and
close. This leads to correlations which cause the PDF to
become non-Gaussian. The PDF becomes Gaussian above
Tm2. This indicates that well above Tm2, the two strands of
the DNA are completely separated-out and there is not
much interaction between the strands except for, probably,
some nonspecific bonding.Thermal fluctuation in dsDNA—a simple
proposed model
The models of DNA denaturation (1,2,18,19) are based on
the idea that the bonds have two states accessible to
them—open or closed. For the DNA, due to base-stackingenergy, it is energetically favorable to have an open basepair
next to another open basepair. Thus, competition between
the base-stacking energy; the energy required to break a
basepair bond; and the entropy of an unbound region decide
whether a basepair will be open or closed. These energies
and entropy depend on temperature, and thus, the proba-
bility of a bond being open or closed will depend on
temperature. In our experiments we have studied the DNA
denaturation starting from a low temperature (300 K) where
we expect the DNA to be fully closed. Increase in tempera-
ture will cause an increase in the fraction of open basepairs
and open regions. However, DNA being a dynamic system,
open (or closed) basepairs will not always remain open
(closed), and can close (open) when, due to random walk
executed by the loop, the bases come together. This opening
and closing of the basepairs has energetics associated with it
and causes the temperature fluctuations that we measure.
The observed fluctuations using TFS will be large when
there is a sudden or cooperative change in state for a large
number of basepairs.
In a homopolymer, the bases are identical. Thus, the
probability for opening is the same for every bond. It can
be expected that the bubbles have an equal probability of
existing anywhere in the DNA and there can be coexistence
between different similar energy configurations. However,
as shown recently, nonlinear localization lifts this degen-
eracy and causes opening of some specific bonds at low
temperature (20). The size of these open regions increases
with temperature, leading to bubble formation. Again, these
bubbles are more probable in some regions of the DNA,
which are called hot patches. Increase in temperature causes
more basepairs to open up, leading to a smooth melting tran-
sition. As far as the fluctuations are concerned, we observe
them to be small, as compared with heteropolymeric
dsDNA. This is understandable, as there is no sudden
opening up of large regions of dsDNA which could cause
large fluctuations.
In a dsDNA heteropolymer, an additional factor comes
into play—the bonds are now not identical. The energy of
an AT bond is lower than that of a GC bond. In addition,
the base-stacking energies are now different. This causes
AT-rich and GC-rich regions to behave differently. The
sequence of denaturation of a heteropolymeric DNA which
can provide a qualitative scenario for the observed data is
schematically portrayed in Fig. 11. At temperatures T z
Tm1, the AT-rich regions of the heteropolymer denature,
giving rise to bubbles. The size of the bubbles depend on
the size of the AT-rich regions. The formation of these
bubbles causes a lowering of the calorimeter temperature,
leading to cooling jumps. The formation of these bubbles
thus causes an increase in the thermal fluctuation over the
background value. Given the statistical nature of the bubble
formation, one obtains a random time series. These bubbles
are not allowed to propagate along the DNA by the GC-rich
regions. It is this that localizes the bubbles in certainBiophysical Journal 99(8) 2666–2675
T << Tm
T ~ Tm1
T ~ Tm2
T > Tm2
coexistance
coexistance
AT bond
GC bond
FIGURE 11 Schematic of the denaturation process for a heteropolymeric
DNA. In the case of a heteropolymer, each bond is different from the others
and there is interaction between the bonds. (The AT bond is represented by
a blue line and the GC bond is represented by a red line.)
2674 Nagapriya and Raychaudhurisections of DNA, leading to the jumps-and-pauses behavior
seen at ~Tm1. When the temperature reaches Tm2, some GC
bonds, which were acting as barriers to the denaturation,
start to open. The opening up of sufficient number of the
GC bonds causes the energy barriers for denaturation to
collapse. This causes the entire DNA to suddenly open up,
leading to a major, cooperative transition which we see in
the time series at T¼ Tm2 (see Figs. 4 and 5). This transition
has a large energy associated with it and shows up as a large
cooling jump. Superposed on the jumps are the smaller
heating and cooling jumps caused by the opening and
closing of basepairs. The major transition has associated
with it large changes in energy, leading to large changes
in the substrate temperature, causing the fluctuation to
peak at this temperature. After the transition is complete,
the temperature of the substrate recovers back to the reser-
voir temperature.
To summarize, we have developed the technique of
thermal fluctuation spectroscopy to study the denaturation
dynamics of a system. We used this technique to study the
thermal denaturation of DNA and showed that the denatur-
ation of heteropolymeric dsDNA is accompanied by large,
non-Gaussian thermal fluctuations. The thermal fluctuations
show a two-peak structure. We calculated the enthalpy
exchanges causing the fluctuations and showed from it
that the first peak arises due to denaturation of AT-rich
regions and the second due to denaturation of GC-richBiophysical Journal 99(8) 2666–2675regions. The large fluctuation is almost absent in homopol-
ymeric DNA. We suggest that bubble formation and cooper-
ative opening and closing dynamics of basepairs causes the
additional fluctuation at the first peak and a large coopera-
tive transition from a partially molten DNA to a completely
denatured state causes the additional fluctuation at the
second peak. Simulation of the denaturation process to
explain the observed data will be a welcome step forward.
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